Airflow accelerates bovine and human articular cartilage drying and chondrocyte death  by Paterson, S.I. et al.
Osteoarthritis and Cartilage 23 (2015) 257e265Airﬂow accelerates bovine and human articular cartilage drying and
chondrocyte death
S.I. Paterson y, A.K. Amin z, A.C. Hall y *
y Centre for Integrative Physiology, School of Biomedical Sciences, University of Edinburgh, Edinburgh, UK
z Department of Trauma and Orthopaedic Surgery, Royal Inﬁrmary of Edinburgh, Edinburgh, UKa r t i c l e i n f o
Article history:
Received 16 April 2014
Accepted 13 October 2014
Keywords:
Cartilage
Chondrocyte death
Drying
Orthopaedic
Airﬂow* Address correspondence and reprint requests
Integrative Physiology, School of Biomedical Sciences,
Edinburgh, Edinburgh, EH8 9XD, UK. Tel: 44-131-650
E-mail address: a.hall@ed.ac.uk (A.C. Hall).
http://dx.doi.org/10.1016/j.joca.2014.10.004
1063-4584/© 2014 Osteoarthritis Research Society Ins u m m a r y
Objective: Exposure of articular cartilage to static air results in changes to the extracellular matrix (ECM)
and stimulates chondrocyte death, which may cause joint degeneration. However during open ortho-
paedic surgery, cartilage is often exposed to laminar airﬂow, which may exacerbate these damaging
effects. We compared drying in static and moving air in terms of cartilage appearance, hydration and
chondrocyte viability, and tested the ability of saline-saturated gauze to limit the detrimental effects of
air exposure.
Design: Articular cartilage from bovine metatarsophalangeal joints (N ¼ 50) and human femoral heads
(N ¼ 6) was exposed for 90 min to (1) static air (2) airﬂow (up to 0.34 m/s), or (3) airﬂow (0.18 m/s),
covered with gauze. Following air exposure, cartilage was also rehydrated (0.9% saline; 120 min) to
determine the reversibility of drying effects. The inﬂuence of airﬂow was assessed by studying macro-
scopic appearance, and quantifying superﬁcial zone (SZ) chondrocyte viability and cartilage hydration.
Results: Airﬂow caused advanced changes to cartilage appearance, accelerated chondrocyte death, and
increased dehydration compared to static air. These effects were prevented if cartilage was covered by
saline-saturated gauze. Cartilage rehydration reversed macroscopic changes associated with drying but
the chondrocyte death was not altered. Chondrocytes at the cut edge of cartilage were more sensitive to
drying compared to cells distant from the edge.
Conclusions: Airﬂow signiﬁcantly increased articular cartilage dehydration and chondrocyte death
compared to static air. As laminar airﬂow is routinely utilised in operating theatres, it is essential that
articular cartilage is kept wet via irrigation or by covering with saline-saturated gauze to prevent
chondrocyte death.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Exposure of articular cartilage to air results in tissue drying,
chondrocyte death, and alterations to the extracellular matrix
(ECM)1e4. A range of changes have been reported, including an
increase in articular surface roughness observed via proﬁlometry5,
glycosaminoglycan depletion measured by staining with cationic
dyes3, and chondrocyte trauma and death, identiﬁed by trans-
mission electron1e3 and confocal laser scanning microscopy
(CLSM)4. While the exact mechanism and permanence of the
changes remain unknown, the potential dangers of cartilage dryingto: A.C. Hall, Centre for
George Square, University of
-3423.
ternational. Published by Elsevier Lduring surgery have been highlighted as it may contribute to post-
operative joint degeneration4.
Cell death has been shown to correlate with the duration of
drying and to be progressive, starting with cells in the superﬁcial
zone (SZ) of cartilage1e4. Previous studies in leporine cartilage have
suggested that features associated with cell death (nuclear ho-
mogenization, cell membrane rupture, and cellular retraction from
the matrix) are localized to cells in the SZ after brief air exposure
(30 s) but extend into deeper zones with prolonged (60 min)
drying1e3. Similarly, in human cartilage, the percentage of chon-
drocyte death in the SZ exceeded that in deeper zones after 30, 60,
and 120 min of drying4.
Articular cartilage is commonly exposed to air during surgical
procedures (e.g., cartilage repair techniques, joint preservation
procedures, and intra-articular fracture surgery). Drying during
surgery can be minimised by repeated irrigation; however, the
frequency is vital1,4. Mitchell and Shepard1 ﬁrst reported thattd. All rights reserved.
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vented cell death. Additionally, Pun and colleagues4 observed a
signiﬁcant reduction in cell death in human cartilage irrigated
every 10 or 20 min and further noted that more frequent irrigation
conferred greater protection. A thin layer of surgical lubricant
applied as a single treatment to articular cartilage has also been
shown to reduce chondrocyte death associated with drying6.
Although some effects of drying and air exposure have been
examined experimentally1e7, this was routinely performed in ‘room
air’2,4,6. Most modern orthopaedic operating theatres are routinely
equipped with specialised laminar airﬂow ventilation systems,
with the airﬂow exceeding 0.2 m/s at the operating table level8,9.
Therefore, the hazardous effects of air exposure on cartilage that
have been reported2,4,6 may not represent actual ‘in-theatre’ con-
ditions, as the effect of airﬂow does not appear to have been pre-
viously considered.
To address this, the aim of this study was to assess the effect of
increased airﬂow on cartilage drying. Our hypothesis was that the
effects of drying on articular cartilage and chondrocytes would be
exacerbated by exposure to airﬂow. We compared the appearance
of cartilage, chondrocyte death, and water loss between control
tissue (dried in static air), and experimental tissue dried in airﬂow
or covered using a saline-soaked gauze. Additionally, we assessed
the degree of chondrocyte death in response to varying airﬂow
rates and durations.Materials & methods
Tissue procurement and preparation
Bovine metatarsophalangeal joints from ﬁfty animals (36 ± 2
month-old) were sourced from a local abattoir and used within
24 h. Human articular cartilage was obtained with Ethical Permis-
sion (Tissue Governance, NHS Lothian) and consent from six pa-
tients who underwent hip hemiarthroplasty for a fractured neck of
femur. Human articular cartilage e comprising the entire femoral
head of the hip joint e was conﬁrmed to be non-degenerate from
clinical evaluation and radiological records. The femoral head was
then immediately placed in Dulbecco's Modiﬁed Eagle Medium
(DMEM) (Invitrogen, Paisley, UK) supplemented with 100 U/ml
penicillin and 100 mg/ml streptomycin (Gibco, Paisley, UK) and used
within 12 h of surgery. The median age of the human donors was
87 yrs (range 62e89 yrs). Bovine and human joints were visually
assessed and only cartilage with a smooth and shiny (hyaline-like)
gross appearance without any damage or ﬁbrillation was used.
Open bovine joints with cartilage exposed were used when
investigating gross changes in cartilage appearance and the effect
of airﬂow on the percentage cell death (PCD). Alternatively,
osteochondral explants, consisting of full thickness cartilage and
approx.1e2mmof subchondral bone, were used for assessments of
bovine cartilage water content and for all measurements on human
cartilage (PCD, water content). Osteochondral explants were trim-
med to approx. 5  5 mmwith subchondral bone retained in order
to limit deformation of the cartilage surface and reﬂect the in situ
response to drying. Explants were sampled using a number-24
scalpel blade and trimmed using two blades (24 blade) bound
together to achieve parallel cuts to give reproducible explants.
Of the ﬁfty bovine joints, twenty were used for assessing the
effect of airﬂow rate on PCD, in eight explants harvested from each
joint. A further eighteen joints (minimum of four explants per joint)
were used to compare the effect of the threemain treatment groups
on PCD. Water loss was assessed in twenty-ﬁve osteochondral ex-
plants taken from a further six joints. Eighteen osteochondral ex-
plants from the ﬁnal six joints were used to determine the effect ofrehydration on drying induced cell death (see Supplementary
Table 1).
Osteochondral explants (n ¼ 130) were harvested from six hu-
man femoral heads (see Supplementary Table 1). Seventy-nine of
these (from three joints) were used to compare the effect of the
three main groups on PCD. Water loss in these treatment groups
was assessed in the remaining ﬁfty-one osteochondral explants
(from four femoral heads).
Drying protocol
Two treatment groups were used throughout this study: (1) the
‘airﬂow’ group, exposed to an airﬂow rate of 0.18 m/s; and (2) the
‘covered’ group, exposed to air at an airﬂow rate of 0.18 m/s but
coveredwith sterile surgical gauze saturated in 0.9% saline solution.
The control (‘static’ air group) was exposed to static air only. As the
relationship between air exposure and chondrocyte death is well
established1e7, no unexposed controls were used. Experiments
were carried out in a microbiological safety cabinet (Model Bio2þ,
Envair, Rossendale, UK). In order to remove residual synovial ﬂuid
prior to experimentation, joints and osteochondral explants were
gently rinsed with DMEM or 0.9% saline (Baxter Healthcare, New-
bury, UK).
Additionally, a subsample of bovine joints were dried in a hor-
izontal laminar ﬂow cabinet (Model HFC 120, Rayair, Bolton, UK) at
airﬂows up to 0.34 m/s for 50 min. All airﬂows reported were taken
from hood output displays and conﬁrmed using an anemometer,
and experiments were performed at 21C. Bovine joints and
osteochondral explants were rehydrated in 0.9% saline for 120
min following drying in order to assess the effect of rehydration on
cartilage appearance and chondrocyte viability.
Assessment of macroscopic changes in cartilage
Bovine joints were visually assessed for changes in their
appearance throughout treatment in each of the groups. A pro-
gressive and characteristic pattern of cartilage discolouration was
identiﬁed in drying bovine joints. These changes were observed at
varying levels of progression in all joint surfaces exposed to air. In
order to compare this qualitative data, these changes were used to
devise a descriptive table (see Table I), which was used to retro-
spectively score the extent of drying in a subsample of joints.
Assessment of chondrocyte viability
In situ superﬁcial chondrocytes were ﬂuorescently-labelled
immediately following the experimental procedure by incubating
explants in DMEM supplemented with Cell Tracker™ Green 5-
chloromethylﬂuorescein diacetate (CMFDA) and propidium iodide
(PI) (Invitrogen, Paisley, UK) as described10. For the purposes of this
study, the SZ was deﬁned as the superﬁcial 100 mm of tissue (c.20%
of the tissue thickness). To optimize images for chondrocytes
within human cartilage, the CMFDA concentration was maintained
at 10 mM, however the PI concentrationwas increased to 20 mM and
labelling was performed with gentle agitation for 2 h at 21C. These
dyes labelled the cytoplasm of living cells and nuclei of dead cells
respectively and are well established in cartilage and connective
tissue research11. Fluorescently-labelled chondrocytes were imaged
using a Zeiss Axioskop LSM510 (Carl Zeiss, Welwyn Garden City,
UK) with a low power (x10 dry, NA ¼ 0.3) objective lens. A series of
axial images of in situ superﬁcial chondrocytes were acquired at
10 mm intervals typically to a depth of about 100 mm, so as to
produce a three-dimensional projection of explants10.
The PCD was quantiﬁed in a three-dimensional region of inter-
est (ROI) (XYZ dimensions 700 mm  921 mm  100 mm) using
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Coventry, UK) and a semi-automated protocol which identiﬁed
CMFDA (green) and PI (red) labelled cells/nuclei based on size and
relative percentage intensity. Additionally, the PCD in osteochon-
dral explants was also quantiﬁed in two equally sized regions of
interest (ROI; XYZ dimensions 200 mm  921 mm  100 mm) posi-
tioned adjacent to the cut edge of the cartilage (ROI1) and also
400 mm from the edge (ROI2) to determine if cell death was
advanced at the cut edge.Assessment of cartilage hydration
Osteochondral explants from six bovine joints and four human
joints were weighed (initial weight) and sorted into the three
treatment groups (airﬂow, static, and covered). Following treat-
ment, explants were weighed (post-treatment weight) and then
dried to constant dry weight. Dry weights were subtracted from
initial and post-treatment weights to determine the weight of
water present at each time point. Post-treatment water contents
were presented as percentages of the initial water content, calcu-
lated as [(post treatment water content (mg)/initial water content
(mg)) 100)].Data analysis and presentation
Data were presented as [N(n)] where ‘N’ represents the number
of individuals studied and ‘n’ the number of independent osteo-
chondral explants. Two-tailed Student's t-tests, one-way analysis of
variance (ANOVA) for analyses comparing multiple groups, and
two-way ANOVA for groups with two independent variables with
post-hoc Tukey tests were performed as required (and indicated in
Figures and Results) using the Univariate General Linear Model
(GLM) function of SPSS (Ver.22; IBM Corp, New York, USA). To guard
against the possibility that the statistical analyses are affected by
the inclusion of multiple samples from individual joints, we
included a joint identiﬁer as a ‘random factor’ in Univariate GLM
analyses (as appropriate), and conﬁrmed that the joint did not have
a statistically signiﬁcant effect (P > 0.05). All ﬁgures were produced
using GraphPad Prism (Ver. 5.0c) (GraphPad Software Inc., Califor-
nia, USA). Unless otherwise stated, all data were normally distrib-
uted and were presented as mean ± 95% CI values. Asterisks denote
signiﬁcant levels as follows; *P < 0.05, **P < 0.01, and ***P < 0.001.
P-values not reaching the level of signiﬁcance (P > 0.05) were not
indicated.Results
Gross cartilage appearance
Articular cartilage in freshly-opened bovine joints (time ¼ 0)
had a normal appearance and a median drying score of 0 for all
groups (airﬂow, static air, and covered cartilage, Fig. 1(A)).
Following 90 min of drying, the articular surface had become
darker in the airﬂow and static air groups, starting at the edges of
the joints and spreading over the entire joint surface [Fig. 1(A)].
Compared to the control group dried in static air with discoloura-
tion localised to the raised ridges and edges of each condyle (me-
dian drying score 1), the joints in the airﬂow group showed
prominent changes (dark brown/purple discolouration and
roughening) across the entire surface (median drying score 3). In
the covered group, the macroscopic appearance of the cartilagewas
indistinguishable from the fresh cartilage with a median drying
score of 0, even at 90 min.
Fig. 1. Airﬂow resulted in prominent changes in the appearance of bovine articular cartilage and accelerated chondrocyte death. (A) Bovine joints were dried in airﬂow (0.18 m/s)
(column 1), static air (column 2), or airﬂow (0.18 m/s) covered in saturated (0.9% sterile saline-saturated gauze (column 3). Photographs demonstrate the appearance of joints (1e3)
prior to experimentation, (4e6) after 90 min of drying, and (7e9) at 210 min following drying and 120 min of rehydration in 0.9% saline. Panels 10e12 show axial CLSM projections
labelled with CMFDA and PI, indicating living and dead superﬁcial chondrocytes respectively (CMFDA stains the cytoplasm of living chondrocytes green and PI stains the nuclei of
dead chondrocytes red) (Scale bar ¼ 150 mm) [N ¼ 18]. CLSM ¼ confocal laser scanning microscopy; CMFDA ¼ 5-chloromethylﬂuorescein diacetate; PI ¼ propidium iodide. (B) The
percentage of cell death (PCD) in bovine joints dried for 50 min in relation to airﬂow rate (m/s) and best-ﬁt line as calculated by linear regression (r2 ¼ 0.511, P < 0.001) [N ¼ 20]. (C)
Percentage cell death (PCD) values for the cartilage of bovine joints exposed to air for 90 min under the conditions outlined in (A). PCD was most advanced in the airﬂow group and
was lowest in the covered group [N ¼ 18].
S.I. Paterson et al. / Osteoarthritis and Cartilage 23 (2015) 257e265260Effect of airﬂow on chondrocyte viability
Chondrocyte death in representative unexposed bovine joints
was 1.1 ± 1.4%. Following 50 min of drying at increasing airﬂow
rates (0, 0.13, 0.25, and 0.34 m/s), a positive correlation was
observed between cell death and airﬂow (r2 ¼ 0.511; P < 0.001;
Fig 1(B)). Additionally, there was a signiﬁcant effect of airﬂow on
PCD (P < 0.01, one-way ANOVA) with cell death at an airﬂow of
0.34 m/s (78.3 ± 32.0%) being signiﬁcantly higher than static
air (2.7 ± 4.7%; P < 0.01, post-hoc Tukey multiple comparison
test).
In joints dried for 90 min in an airﬂow of 0.18 m/s, there was
complete cell death which was signiﬁcantly (P < 0.001) higher than
the control joints dried in static air (2.9 ± 2.3%), or in moving air
(0.18 m/s) covered in saturated gauze (0.8 ± 0.6%) [Fig. 1(C)].Additionally, the PCD in joints covered by saturated gauze was
signiﬁcantly reduced compared to both the airﬂow group
(P < 0.001) and static air control (P < 0.05). Thus while
99.99 ± 0.01% of the chondrocytes within the SZ were dead after 90
min of exposure to an airﬂow rate of 0.18 m/s, 99.25 ± 0.57% of
chondrocytes remained viable if bovine cartilage was simply
covered by saturated saline-soaked gauze.
As an airﬂow rate of 0.18 m/s resulted in marked differences in
bovine cartilage and chondrocyte death, and closely mimicked the
airﬂow rate in orthopaedic theatre systems, its effects were further
investigated in human articular cartilage explants (Fig. 2). A two-
way ANOVA demonstrated a signiﬁcant difference in PCD be-
tween the three treatment groups (P < 0.001) and with time
(P < 0.001), with a signiﬁcant interaction between the two
(P < 0.01). In the airﬂowgroup, the PCD at the three time points (20,
Fig. 2. Drying under airﬂow resulted in accelerated chondrocyte death in human articular cartilage. (A) PCD values for human osteochondral explants in the three treatment groups
at 0, 20, 40, and 60 min of exposure. The airﬂow group exhibited the most cell death at 20, 40 and 60 min [3(80)]. (B) Representative axial CLSM projections of human articular
cartilage (trimmed edge at the top of each panel; scale bar ¼ 150 mm) showing advanced cell death in the group exposed to airﬂow (0.18 m/s) (column 1) relative to the static
(column 2) and covered (column 3) groups at 0 min (panels 1e3), 20 min (panels 4e6), 40 min (panels 7e9) and 60 min (panels 10e12) [3(80)].
S.I. Paterson et al. / Osteoarthritis and Cartilage 23 (2015) 257e265 26140 and 60 min) was 40.1 ± 25.4%, 87.3 ± 15.6% and 99.9 ± 0.2
respectively. At the same time points, this signiﬁcantly exceeded
the static (10.8 ± 8.4%; 21.0 ± 15.8%; 43.1 ± 22.5%) and covered
groups (3.8 ± 4.0%; 13.5± 3.6%; 8.3 ± 5.4%) (P< 0.001; Fig. 2(A), (B)).
Thus at 60 min, the SZ chondrocytes in osteochondral explants
dried in airﬂow were all dead compared to those exposed to static
air or gauze-covering where approximately 57% and 92% respec-
tively of the chondrocyte population remained viable.Measurement of water content
The initial water content of the osteochondral explants
contributed 41.4 ± 2.6% [6(25)] and 51.7 ± 2.4% [4(51)] of the
initial weight of bovine and human osteochondral explants
respectively. However the water content was markedly reduced
following drying for 45 min in bovine (airﬂow 32.5 ± 9.7%; static
56.7 ± 8.3%; covered 91.2 ± 14.9%) and human (airﬂow
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chondral explants, and airﬂow signiﬁcantly accelerated dehydra-
tion compared to the static and covered groups (P < 0.001; one-way
ANOVA; Fig. 3).Fig. 4. Rehydration of dried cartilage prevented further chondrocyte death. There was
no signiﬁcant difference in PCD for bovine osteochondral explants dried for 30
min (‘Dry’), dried for 30 min and rehydrated for 60 min (‘R60’), and dried for 30
min and rehydrated for 120 min (‘R120’). During drying the airﬂow was 0.18 m/s
[6(18)].Rehydration reversed macroscopic changes and prevented further
chondrocyte death
In dried bovine joints, rehydration for 120min in saline reversed
most of the gross changes visible in joints in the static and airﬂow
groups (Fig. 1, panels 7e9). In the static air group, a smooth and
shiny cartilage appearance was restored (median drying score ¼ 0).
The airﬂow group also became lighter following re-hydration and
had no deﬁned darkening at ridges and edges, but remained darker
than at t ¼ 0 (median drying score of 2). In osteochondral explants
dried for 30 min in an airﬂow of 0.18 m/s, rehydration with 0.9%
saline prevented further chondrocyte death (Fig. 4). The PCD of
dried osteochondral explants (41.2 ± 19.8%, [3(6)]) did not differ
signiﬁcantly (P > 0.05, one-way ANOVA) from osteochondral ex-
plants dried and rehydrated for 60 min (45.6 ± 16.0%, [3(6)]) or 120
min (43.2 ± 15.4%, [3(6)]).Cell death in drying osteochondral explants was more rapid at the
cut edge
In partially-dried samples, cell death was not uniformly
distributed in the SZ (Fig. 5). Therefore, cell death was compared
between chondrocytes at (ROI1) and distant from the cut edge
(ROI2). Immediately after harvesting and trimming, cell death in
bovine explants was 0.38 ± 0.26% (ROI1) and 0.16 ± 0.21%(ROI2)
and cell death in human explants was 2.3 ± 1.97% (ROI1) and
1.1 ± 0.9% (ROI2). In dried cartilage, cell death was consistently
more advanced in ROI1 compared to ROI2. This difference was
signiﬁcant (P < 0.001, two-tailed Student's t-test) in the partially-
dried bovine osteochondral explants (ROI1 ¼ 80.2 ± 10.3%;
ROI2 ¼ 15.7 ± 8.5%; Fig. 5(D)). In human cartilage dried in static air
over 20e60 min [Fig. 5(E)], there was consistently more cell death
for ROI1 compared to ROI2, and although there was a clear trend in
chondrocyte death, there was no signiﬁcant effect of time
(P ¼ 0.185) or ROI (P ¼ 0.064) from the cut edge (two-way ANOVA).
In human cartilage dried in airﬂow, results of a two-way ANOVA
showed a signiﬁcant effect of time (P< 0.001) and distance from the
cut edge (P < 0.001; Fig. 5(F)) with a signiﬁcant difference observed
at 20 min (ROI1 ¼ 59.5 ± 30.0%; ROI2 ¼ 23.9 ± 27.2% P < 0.01, post-
hoc Tukey multiple comparison tests).Fig. 3. Drying under airﬂow accelerated water loss in osteochondral explants. The percentag
human [4(51)] osteochondral explants under various conditions. Water content was lowestDiscussion
Compared to static air, airﬂow markedly increased the delete-
rious effects of drying on cartilage appearance and chondrocyte
viability. The ﬁnding that almost complete protectionwas obtained
if the cartilage surface or osteochondral explants were covered
with saline-saturated gauze, supported the notion that loss of
cartilage water was the primary cause of chondrocyte death.
Although relatively normal cartilage appearance could be restored
following rehydration after cartilage drying, the majority of chon-
drocytes were dead. Chondrocytes at the cut edge were more
vulnerable to the effects of cartilage drying compared to cells
distant from the injury. These results have clear implications for the
protection of chondrocytes when cartilage is exposed to air during
surgery.
Macroscopic changes in cartilage appearance with drying have
been observed1e4 and reported to be transient, reversing after a
period of recovery2,3 or incubation4. Our results support these
ﬁndings in bovine joints as both the airﬂow and static air groups
exhibited substantial reversal of their macroscopic changes
following rehydration in saline (after 120 min), measured as a
reduction in their drying score (Fig. 1). This was far more rapid than
reported previously where only later time points were investigated
(3 days for explants4 and up to 6 weeks for joints studied in vivo2,3).
However it is important to note that while the gross appearance
was largely restored, the cartilage was devoid of viable cellse of initial water content retained after 45 min air exposure in (A) bovine [6(25)] and (B)
in the airﬂow group in both bovine and human explants.
Fig. 5. PCD in drying osteochondral explants was more advanced at the cut edge. Representative axial CLSM projections of bovine osteochondral explants dried in static air at (A)
0 min, (B) 25 min, and (C) 45 min and labelled with CMFDA and PI. In panels AeC, the top broken white line identiﬁes the cut edge. PCD was quantiﬁed from the cut edge to a
distance of 200 mm (ROI1) and between the lines 400e600 mm (ROI2) from the cut edge (bar ¼ 200 mm). (D) PCD values for bovine osteochondral explants dried for 30 min in
airﬂow (0.18 m/s) as a function of the distance from the cut edge of the explant [6(18)]. (E) PCD in human osteochondral explants dried for up to 60 min in static air as a function of
the distance from the cut edge [3(35)]. (F) PCD in human osteochondral explants dried for up to 60 min in airﬂow (0.18 m/s) as a function of the distance from the cut edge [3(36)]. In
panel (F) the results of a two-way ANOVA showing the effect of distance from the cut edge are presented with black asterisks and results of post-hoc tests are presented with grey
asterisks.
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appearance was dependent on hydration state and should not
necessarily be used to indicate cell viability. This ﬁnding is partic-
ularly relevant to any orthopaedic surgery that involves exposure of
articular cartilage to laminar airﬂow in the operating theatre. This
commonly occurs after open arthrotomy for cartilage repair pro-
cedures such as autologous chondrocyte implantation (ACI), joint
preservation surgery such as unicompartmental knee replacement,
and more commonly, during intra-articular fracture ﬁxation.
Moreover, such surgery often lasts for periods longer than 60
min and native cartilage of synovial joints would be exposed to the
effects of laminar airﬂow in the operating theatre for a prolonged
period. The simple manoeuvre of covering exposed cartilage with
saline-saturated gauzewould protect against the deleterious effects
of drying during these procedures. Our data show that unless
measures (e.g., covering with a moist gauze) are taken to prevent
the drying of native cartilage during surgery, there is the risk of
almost 100% loss of cell viability within 60 min in otherwise un-
injured normal tissue, which may eventually compromise the
outcome of the procedure.
Although cartilage scoring systems are well established in the
assessment of cartilage degeneration12e16 and changes in the
appearance of cartilage during drying have been noted1e4, to our
knowledge no standardized scoring method has been created for
cartilage drying. The scoringmethod described for the bovine joints
(Fig.1) was a pragmatic attempt to semi-quantify and thus compare
the changes that were apparent visually (Fig. 1). We did not
correlate the drying scores with PCD or water loss due to the dif-
ﬁculty in assessing all of these criteria from the same joint. Future
studies could develop this system to take a more precise account of
the complex changes that occur during cartilage drying.
There was no signiﬁcant change in PI-positive labelling
following short-term (120 min) rehydration of cartilage with saline
(Fig. 4). This strongly suggested that there was no further chon-
drocyte death during this period, in other words the restoration ofcartilage hydration prevented further cell death. We cannot how-
ever exclude the possibility that over a longer time period chon-
drocyte death would continue, albeit at a slower rate. It has been
shown previously17 that the death of chondrocytes following injury
by mechanical load is complex, and comprised of both short
(acutely-injured) and long term (chronically-injured) processes,
and thus it is possible that the chondrocyte death that we have
observed under these conditions is an underestimate.
The mechanism of chondrocyte death in dried cartilage remains
unclear. The insult to cartilage that results from air exposure may
be twofold, as cartilage is simultaneously exposed to air and iso-
lated from its dominant nutritional source, the synovial ﬂuid18.
Therefore, cell death may be due to dehydration, and/or nutritional
deﬁciency2. However, in previous studies1e4, cartilage dehydration
has not been assessed. The initial water content observed in this
study is lower than the values presented by Maroudas and
Schneiderman19, however this may be attributed to the inclusion of
subchondral bone in the osteochondral explants in this study,
which was necessary to prevent deformation of the cartilage as it
dried. Our results suggested that water loss from osteochondral
explants exposed tomoving air was more pronounced compared to
those dried in static air (Fig. 3), mirroring the results obtained for
chondrocyte death (Fig. 2). Furthermore, in the covered cartilage,
hydration and chondrocyte viability were maintained despite
isolation from the synovial ﬂuid. This suggests that dehydration,
rather than nutritional deﬁciency, is of greater consequence to
chondrocyte viability in drying cartilage.
It has previously been identiﬁed that during drying, chondrocyte
death was initiated at the cartilage surface1e4. Our axial CLSM im-
ages support this observation (e.g., Fig. 2) but also revealed a char-
acteristic and consistent pattern of chondrocyte death in cartilage of
both species (Fig. 5) since the PCD values in the region 0e200 mm
from the cut edge were consistently in advance of the more central
regionwhichwas further from the cut edge (400e600 mm; Fig. 5). It
is possible that the increased scalpel trauma at the cut edge20e22
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however it is also possible that water loss was greater compared to
regions distant from the cut edge. This could be due to a greater
surface area open to the drying environment (i.e., chondrocytes
exposed to both articular surface and cut edge). It is also conceivable
that there was differential water loss between the cut edge and the
articular surface, which is known to have reduced permeability to
water23. The implication of this would be that chondrocytes at a cut
(and therefore an injured) edge when visualized in the coronal
plane4 would be more vulnerable to water loss.
The results demonstrated that cartilage drying has similar ef-
fects on cartilage hydration and chondrocytes within both bovine
and human cartilage. There is no chondrocyte division in healthy
cartilage and thus they are irreplaceable24, and in the absence of
viable cells, cartilage undergoes inevitable degenerative changes25.
The airﬂows used were in close approximation with those outlined
for the surgical environment by National Health Service guide-
lines8,9, which suggest that chondrocyte death due to drying during
surgical procedures may be more pronounced than previous
studies using ‘room’ air have suggested2,4,6. The temperature and
airﬂow proﬁle around a joint during surgery may be more complex
than that used in this study andwould beneﬁt from further detailed
investigation. We anticipate that a range of other factors, including
surgical procedure, patient position, and movement of the surgical
staff, could potentially shelter the joint, reduce cartilage drying and
hence limit chondrocyte death. Conversely, an increase in operating
theatre temperature may accelerate dehydration and chondrocyte
death. Additionally, while we cannot rule out the possibility of re-
gions of degeneration, as far as possible the cartilage samples used
in this study were healthy, non-degenerate and the chondrocytes
viable (Fig. 2) and are taken to represent cartilage's normal
response to drying. It is likely that changes in cartilage thickness
and hydrationwith disease and age and the presence of ﬁbrillations
may inﬂuence cartilage drying.
The increased chondrocyte death during drying at the cut
cartilage edge (Fig. 5) may be relevant to clinical scenarios e.g.,
during mosaicplasty, as this could lead to greater cell death in a
region where tissue integration is crucial. Possible interventions to
minimize cartilage drying include frequent irrigation1,4 and
covering exposed cartilage with saline-saturated gauze to limit
cartilage drying, water loss, and chondrocyte death (Figs. 1e3). It is
also important to note that if cartilage drying does occur during
surgery then while it might be thought that subsequent rehydra-
tion might have restored cartilage to its normal appearance, this
will be of little beneﬁt as the chondrocytes might already be dead.
This study has demonstrated that airﬂow accelerated drying and
chondrocyte death in exposed bovine and human cartilage. An
increased airﬂow resulted in advanced macroscopic changes,
increased water loss in articular cartilage and accelerated chon-
drocyte death especially at the cut edge. Saline-saturated gauze
may protect cartilage and chondrocytes against drying, but while
the rehydration of dried cartilage could restore cartilage appear-
ance, inevitable cartilage failure may result because the absence of
viable chondrocytes. Our ﬁndings strongly support the view that
articular cartilage must be kept well hydrated throughout any
surgical procedure in which it is exposed to airﬂow.Author contributions
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